Abstract Diffuse intrinsic pontine glioma (DIPG) is the deadliest central nervous system tumor in children. The survival of affected children has remained poor despite treatment with radiation therapy (RT) with or without chemotherapy. We reviewed the medical records of all surviving patients with DIPG treated at our institution between October 1, 1992 and May 31, 2011. Blinded central radiologic review of the magnetic resonance imaging at diagnosis of all surviving patients and 15 controls with DIPG was performed. All surviving patients underwent neurocognitive assessment during follow-up. Five (2.6 %) of 191 patients treated during the study period were surviving at a median of 9.3 years from their diagnosis (range 5.3-13.2 years). Two patients were younger than 3 years, one lacked signs of pontine cranial nerve involvement, and three had longer duration of symptoms at diagnosis. One patient had a radiologically atypical tumor and one had a tumor originating in the medulla. All five patients received RT. Chemotherapy was variable among these patients. Neurocognitive assessments were obtained after a median interval of 7.1 years. Three of four patients who underwent a detailed evaluation showed cognitive function in the borderline or mental retardation range. Two patients experienced disease progression at 8.8 and 13 years after diagnosis. A minority of children with DIPG experienced long-term survival with currently available therapies. These patients remained at high risk for tumor progression even after long follow-ups. Four of our longterm survivors had clinical and radiologic characteristics at diagnosis associated with improved outcome.
Introduction
Diffuse intrinsic pontine glioma (DIPG) is the deadliest central nervous system cancer in children [1] . The survival of children with DIPG has remained poor despite the use of radiation therapy (RT) with or without chemotherapy [1] . Local RT, the mainstay of therapy, provides only a temporary benefit. Chemotherapy has shown no benefit in the treatment of children with DIPG [1] .
DIPG is commonly called a fatal cancer [2, 3] . The majority of clinical trials for children with DIPG reported no survivors beyond two years from diagnosis [1] . Although several studies reported exceptional surviving patients, most of them had been followed for\5 years [4] [5] [6] [7] [8] [9] [10] . Only a few studies reported children who survived for more than 5 years after the diagnosis of DIPG [11] [12] [13] [14] . When information was available, several of these surviving patients had clinical and radiologic characteristics at diagnosis associated with a better outcome, including young age, long latency between onset of symptoms and diagnosis, and atypical magnetic resonance imaging (MRI) characteristics [10] [11] [12] [13] . Only one of these manuscripts provided limited information about the neurocognitive status of long-term survivors of DIPG [11] .
We provide detailed information about all surviving patients with DIPG treated at our institution over a period of almost 20 years. Unfortunately, these patients remained at high risk for tumor progression even after long followups. Furthermore, we showed that four of our patients had clinical and radiologic characteristics at diagnosis which could predict their improved outcome.
Patients and methods
We identified all surviving patients with DIPG treated at our institution between October 1, 1992 and May 31, 2011. The beginning of the inclusion period coincided with the availability of MRI technology which provided good quality studies at our institution. Clinical characteristics, treatment, and long-term neurologic and endocrinologic sequelae were abstracted from the medical records of all surviving patients. This study was approved by the Institutional Review Board at our institution.
The brain MRIs at diagnosis and during follow-up of all surviving patients were initially reviewed by two experienced neuro-oncologists (A.B., A.G.) to ascertain that these were primary pontine tumors with poorly marginated margins which involved more than 50 % of the pons [15, 16] .
As part of their clinical care, all surviving patients underwent neurocognitive assessment of full scale intellectual quotient (IQ) and academic achievement. IQ and academic achievement were measured with instruments that have been standardized and normed with large representative samples. Scores for IQ and academic measures were standardized by age with a mean of 100 and standard deviation of 15. Patients were administered the Wechsler intelligence scale for children, fourth edition (WISC-IV; n = 4) or Wechsler adult intelligence scale, fourth edition (WAIS-IV; n = 1) based on their age at the time of assessment [17, 18] . One patient was administered the WISC-IV using modified procedures to take into account his significant dysarthria. Assessment of academic achievement included reading and math subtests from the Woodcock-Johnson tests of achievement, third edition (WJ-III; n = 3), Wechsler individual achievement test, second edition (WIAT-II; n = 1), and gray diagnostic reading test (GDRT; n = 1) [19] [20] [21] . Three assessments included the behavior rating inventory of executive function (BRIEF), a commonly used rater measure that examines the real-world manifestation of various executive functions in children [22] . T-scores for the BRIEF assessment have a mean of 50 and standard deviation of 10, with higher scores reflective of greater concern on all clinical scales and indices.
A single senior neuro-radiologist (Z.P.) blindly reviewed the brain MRIs at diagnosis of all surviving patients and at least two controls (range 2-4; total number of controls: 15) per patient to confirm their diagnosis. The controls were comprised of patients with the institutional diagnosis of DIPG who were selected as appropriately as possible to match the age and year of diagnosis of surviving patients. All control patients died of disease progression after a median survival of 1 year (range 0.5-2.2 years). While still blinded, the neuro-radiologist reviewed the brain MRIs at the end of RT, and at approximately 6 months after diagnosis of the same study population. Finally, the most recent brain MRI of all surviving patients was reviewed. The purpose of this review was to identify possible imaging features that could distinguish long-term survivors from those with the short survival characteristic of DIPG. The imaging features evaluated consisted of primary site of the tumor, signal properties before and after administration of the contrast, presence of necrosis, hemorrhage, and exophytic growth.
A review of RT fields and isodoses of surviving patients was performed by a radiation oncologist (A.P.P.) to assess the relationship between these parameters and neurocognitive deficits.
The Kaplan-Meier method was used to estimate the overall survival of all patients with newly diagnosed DIPG treated at our institution during the study period.
Results
Five (2.6 %) of 191 patients with newly diagnosed DIPG treated at our institution during the study period were surviving for at least 5 years from their diagnosis. A summary of their clinical characteristics at diagnosis is provided in Table 1 . Two of five patients were younger than 3 years at the time of diagnosis. Three patients had an interval longer thanHistologic confirmation was attempted in two cases at the time of progression. Patient 1 was diagnosed with a low-grade astrocytoma, likely a fibrillary astrocytoma. His tumor lacked BRAF duplication by fluorescence in situ hybridization. The biopsy of patient 2 was non-diagnostic.
The blinded central radiologic review confirmed the diagnosis of a typical DIPG in three patients (patients 1, 4, and 5). The tumor in patient 2 was called atypical. Although her tumor originated from the ventral pons and involved more than two-thirds of its cross-sectional area, its borders were considered well defined. It also contained a prominent exophytic component that extended towards the suprasellar cistern and temporal fossa. The tumor of patient 3 was called a medullary tumor although it involved 85 % of the pons. All tumors except one (patient 4) involved more than one segment of the brainstem. All tumors showed hyperintense signal on T2-and four were hypointense on T1-weighted MRI at diagnosis. The tumor of patient 5 had a T2-weighted isointense signal. Minimal necrosis within the tumor was present at diagnosis in patients 1 and 2, but completely disappeared over time. Only one patient (patient 1) had very subtle tumor enhancement at diagnosis. We could not find any associations between the radiologic characteristics of the tumors at diagnosis and survival. Figure 1a shows the brain MRI at diagnosis of patient 2. The brain MRIs of all surviving patients still showed abnormalities at the time of their last follow-up, some of them still quite significant. Figure 1b shows the brain MRI of patient 2 more than 12 years after her diagnosis.
The 1-, 2-, and 5-year overall survival for the 191 patients treated at our institution during the study period were 46.6 % (SE 3.6 %), 11.7 % (SE 2.3 %), and 4.4 % (SE 1.5 %) respectively.
Treatment
Two surviving patients required a ventriculo-peritoneal shunt (n = 1; patient 1) or a third ventriculostomy (n = 1; patient 3) at diagnosis because of hydrocephalus.
All surviving patients underwent local RT. Table 1 provides additional information about their upfront therapy. Two of the patients received therapy in a multicentric and one in an institutional clinical trial [8, 10, 25] . Doses of RT varied between 54 and 55.8 Gy. RT fields included the tumor bed with margins of 10-20 mm to account for microscopic disease.
Patient 1 received further chemotherapy consisting of carboplatin,vincristine,andetoposideafterheexperiencedclinical and radiologic tumor progression at 8.8 years after diagnosis. Patient 2 initially received two cycles of carboplatin and vincristine.ShewentontoreceivelocalRTbecauseofclinicaland radiologic progression. She experienced further tumor progression after RT and required additional chemotherapy, includingtreatmentintwoclinicaltrialswhichusedcarmustine in combination with O 6 -benzylguanine and lonafarnib (SCH66336, Sarasar; Schering-Plough, Kenilworth, NJ) [26, 27] . Her tumor then remained stable without any therapy for 8.6 years when she experienced further tumor progression 13 yearsafterdiagnosis.
Long-term sequelae and neurocognitive outcome Neurologic exam has remained quite intact in three patients (patients 3-5). Patient 1 continued to have significant dysarthria. Patients 1 and 2 maintained moderate cerebellar signs and cranial nerve palsies until they experienced further tumor progression 8.8 and 13 years after diagnosis, respectively. Endocrinologic deficits were diagnosed in four patients consisting of hypothyroidism (n = 2), adrenal (n = 2), and growth hormone insufficiency (n = 4). All these deficits, except for growth hormone insufficiency, were appropriately corrected with supplements.
Neurocognitive evaluations were obtained after a median interval of 7.1 years from diagnosis (range 4.4-11.4 years). The mean IQ score for the combined group was below average [standard score (SS) = 76.0 ± 15.6]. Patient 5 had an overall IQ score in the average range (SS = 94). Patient 1 underwent limited evaluation because of significant dysarthria. All three other patients had scores in the borderline range (patient 2, SS = 76; patient 3, SS = 78) or consistent with a diagnosis of mental retardation (patient 4, SS = 56). Figure 2 provides a summary of intelligence scores for all patients. Similarly, mean academic performance was well below age expectations for the combined group (word reading SS = 72.0 ± 26.0; math calculation SS = 71.0 ± 9.1). Only patient 5 displayed largely intact academic skills. The BRIEF inventory was completed for patients 2, 4, and 5. Significant concerns were raised in the areas of working memory (T = 74.7 ± 28.0) and planning/organization (T = 65.0 ± 15.7) for the combined group. When examining the informants' responses for the patients individually, two patients were rated as displaying clinically significant problems with working memory (patients 2 and 4) and one patient was rated as displaying clinically significant problems with planning/organization (patient 2). All clinical BRIEF scales were within normal limits for patient 5.
The doses of RT were variable among patients. The minimum, maximum, and mean temporal lobe doses for the five patients were 7.8, 56.9, and 38.4 Gy, respectively. The minimum, maximum, and mean frontal lobe doses were 1.7, 54. 
Discussion
This is the largest single-institution report to date to address the outcome of long-term survivors of DIPG. Although we confirmed that a minority of children with DIPG survived for long periods of time, it was disappointing to observe that these patients remain at high risk for tumor progression even many years after their diagnosis. All surviving patients received therapies that were otherwise considered ineffective for the majority of children with DIPG [8, 10, 25, 28, 29] . Four of the surviving patients had characteristics at diagnosis associated with improved outcome consisting of young age (patients 1 and 2), long interval between the onset of symptoms and diagnosis (patient 1, 2, and 3), lack of pontine cranial nerve palsies (patient 5), and atypical radiologic imaging (patients 2 and 3) [1, 23, 24] .
When considering studies which provided enough details, only 12 children with DIPG who survived for more than 5 years after diagnosis have been reported [11, 13, 14] . At least 8 of 12 long-term survivors had clinical and radiologic characteristics at diagnosis associated with a more favorable outcome [11, 13, 14] . Freeman et al. [11] Six of these 9 long-term survivors had either a latency between onset of symptoms and diagnosis of at least 6 months (n = 3) or atypical MRI characteristics (n = 4). Of the three remaining patients, two presented with only cranial nerve palsies or a history suspicious for a longer involvement by the tumor.
We report detailed neurocognitive assessment in longterm survivors of DIPG. It was not surprising to see that only the oldest patient at diagnosis (patient 5) had a normal intellectual function. The neurocognitive deficits observed in four patients showed a pattern of global compromise not restricted to particular domains. Although all surviving patients received only local conformal RT, we demonstrated that their temporal and frontal lobes were exposed to high doses of irradiation. Since the temporal and frontal lobes play important roles in multiple cognitive functions including attention regulation, executive functions, and memory, disruption of these brain areas has the potential to affect learning and academic function [30] . Therefore, it was reasonable to assume that the neurocognitive impairment in these children was secondary to the treatment with RT. Unfortunately we did not have a formal evaluation of neurocognitive function before RT in any of our patients. Three patients had other risk factors for cognitive impairment consisting of diagnosis at an early age (patients 1 and 2) and hydrocephalus (patients 1 and 3). Once effective therapies are available for children with DIPG, it will be critical to use more conformal RT techniques to spare as much as possible other nonaffected cerebral areas.
A few studies reported cognitive assessment in adults who experienced isolated pontine infarcts or hemorrhages [31] [32] [33] . The majority of these adults demonstrated significant, long-lasting, and often debilitating dysfunction in several domains, including executive function, attention, and memory, which were independent of motor sequelae [31] [32] [33] . This global cognitive dysfunction was attributed to the remote effects of the disruption of corticopontine pathways (diaschisis) [32, 33] . It is possible that this mechanism may also play a role in the neurocognitive impairment of long-term survivors of DIPG.
The blinded radiologic review of our patients and agematched controls resulted in two discordant diagnoses. Although our radiologist considered the tumor of patient 3 to be arising mostly from the medulla oblongata, this patient's tumor involved more than two-thirds of the pons. However, since she received therapy in a phase II multicentric clinical trial, her brain MRI at diagnosis had already been centrally reviewed by another expert neuro-radiologist and was considered a typical DIPG [10] . Histologic confirmation was attempted without success in patient 2, who was considered to have an atypical tumor. The criteria for defining radiologically atypical DIPGs have not been standardized and are very subjective. Our definition of atypical tumors was based on the extent of pontine involvement, the presence of well-defined margins, unusual extension outside the pons, or of a dorsal exophytic component. Unfortunately, we did not systematically obtain MR spectroscopy or other advanced techniques from our patients with DIPG to make any comments about their usefulness in predicting outcome. The lack of association between the radiologic characteristics of the tumors at diagnosis and survival in this study was not surprising based on the small number of surviving patients and because 3 of 5 long-term survivors had typical radiologic characteristics at diagnosis.
Recent molecular studies in tumors obtained at biopsy or autopsy unveiled key new molecular findings in DIPG, particularly the presence of two different histone mutations in the majority of tumors [34, 35] . One of these studies has already shown that patients with DIPG harboring the H3F3A K27M mutation have a worse outcome compared to patients with wild-type tumors [35] . Hopefully, future studies will unveil new molecular findings that may help guide the therapy of children with DIPG.
We confirmed that the majority of long-term survivors of DIPG treated with currently available therapies had clinical and radiologic characteristics at diagnosis associated with improved prognosis. Our patients remained at high risk for tumor progression even after long follow-ups. Although the radiologic criteria to define DIPG based on standard MRI were described more than 20 years ago [15] , our results confirmed that the radiologic definition of a typical DIPG remains contentious.
